Beijerinckia derxii, a free-living nitrogen-fixing bacterium, maintained an increasing nitrogenase specific activity during the stationary growth phase. To verify the destination of the nitrogen fixed during this phase, intra and extracellular nitrogenated contents were analyzed. Organic nitrogen and amino acids were detected in the supernatant of the cultures. An increase in intracellular content of both nitrogen and protein occurred. Cytoplasmic granules indicated the presence of arginine. The ability of a non-diazotrophic bacterium (E. coli) to use B. derxii proteins as a source of nitrogen was observed concomitantly with E. coli growth. There is a suggestion that B. derxii contributes to the environment by both releasing nitrogenated substances and accumulating substances capable of being consumed after its death.
Introduction
The ability of N 2 -fixing bacteria to survive as free-living diazotrophs or as symbionts associated to plants, determines the destination of the nitrogen fixed as a result of the activity of their nitrogenase enzyme. Metabolic and genetic adaptations ensure that the nitrogen fixed by the bacteria may be used by the microorganism itself, as free-living bacteria or by the host plant in symbiotic associations (Schubert, 1995) . The very low NH 4 + assimilation by bacteroids (Espín et al., 1994) and the inhibition of microbial cell division (Postgate, 1998) are features that promote NH 4 + excretion. Free-living bacteria, on the other hand, being fully able to engage in cell division, need to incorporate fixed nitrogen into their own structures and proteins. These microorganisms have an efficient system for NH 4 + assimilation. Since low intracellular nitrogen levels are necessary for diazotrophic microorganisms to perform nitrogen fixation (Pati et al., 1994) , nitrogenated substances not incorporated into the cell structures and enzymes must be excreted or stored as insoluble material. In general, the excretion of ammonium by free-living diazotrophs is observed in mutants that suffered physiological suppression or genetic manipulation of the enzymes involved in ammonium assimilation (Bali et al., 1992) . However, Narula et al. (1981) showed that several strains of Azotobacter chroococcum and two strains of A. vinelandii, obtained from laboratories or isolated from the soil, were able to release ammonium into the culture medium (in concentrations varying from traces to 46 µg.ml -1 ). There is evidence that free-living N 2 -fixing bacteria release substances that may be utilized by other organisms. Pati et al. (1994) showed that phyllospheric isolates identified as Beijerinckia indica, A. chroococcum and Corynebacterium sp were able to release several amino acids.
One way of keeping the product of nitrogen fixation inside the cell is to accumulate a nitrogen reserve. Such nitrogen reserves were only observed in some cyanobacteria. During the stationary phase, and when in the presence of an excessive large source of nitrogen (Suarez et al., 1999) and a shortage of other essential nutrients (Newton and Tyler, 1987) , these organisms produced cyanophicin, a peptide consisting of co-polymers of aspartic acid and arginine. This paper deals with the destination of the products of N 2 fixation by Beijerinckia derxii, not used for cell growth, for the purpose of gaining a better understanding of the ecological role of this free-living N 2 -fixing bacterium. Using bacteria grown in a N-free medium, the authors seeked to establish the correlation between nitrogenase activity, i.e., the enzyme responsible for providing fixed nitrogen to the cells, and the factors listed as follows: growth phase, liberation of nitrogenated substances and accumulation of both N/protein inside the cells. Moreover, a model using a non-diazotrophic microorganism (E. coli) was constructed in order to observe the possible consumption by this bacterium of nitrogenated material, measured as protein, proceeding from disrupted B. derxii cells.
Materials and methods
Bacterial strains. Beijerinckia derxii, a free-living, N 2 -fixing, bacterium, was isolated by our group from acid soil, which is also poor in nitrogen and organic matter, in Pirassununga, Brazil. The bacterium was identified and catalogued as ATCC 33962. Escherichia coli ICB19 was isolated from human faeces in our laboratory and identified by biochemical and morphological tests (Farmer III, 1995 Cultures preparation. B. derxii inoculum was carried out in N-free LGa medium. Culture I preparation : an Erlenmeyer flask (500 mL) containing 130 mL of the LGb medium was inoculated with 20 mL of a 48h B. derxii culture (about 10 8 CFU.mL -1 ), incubated for 74 h at 30°C in a rotary shaker (200 rpm), followed by a still incubation at 30°C, for a maximum period of 550 h. Periodically, samples of the culture were taken to determine: a) Viable Cells Counts (Colony Forming Units-CFU) using the drop method (Barbosa et al., 1995) . Six replicates of the dilutions of the culture were plated on solid LGa medium. The B. derxii CFU number in stationary phase was confirmed by direct counting (Koch, 1994) ; b) Cell Protein Content, according to Lowry (1951) and Bradford (1976) methods and c) Nitrogenase Activity, using the acetylene reduction assay (Turner and Gibson, 1980) . In a 384 h B. derxii culture, arginine was tested in cell granules by the Sakaguchi reaction (Pearse, 1968) .
Extracellular determinations in B. derxii cultures were performed in two supernatants called A and B. Supernatant A, was obtained by centrifugation of the culture at 12,100 x g for 30 min and filtered through Millipore membranes (0.22 µm). Supernatant B was obtained by initial centrifugation of the culture at 12,100 x g for 30 min. After that, several re-suspensions of cells in water and centrifugations followed, until the cells were free from a mucous layer which detached itself from the cells as a gel. The supernatant B, a pool of all centrifugations, was filtered through a 0.22 µm Millipore membrane to discard the remaining cells. Supernatant A was used to determine ammonium content, using the method of Chaney and Marbach (1962) , glucose using the method of glucose oxidase (Henry et al., 1974) , extracellular protein using the method of Bradford (1976) with bovine serum albumin (Fluka) as standard, and amino acids (only in the supernatant of a 250 h grown culture) by the method described below. To determine total extracellular nitrogen (converted to NH 4 + ) in supernatant B by the method of micro-Kjeldahl (Daniels et al., 1994; Eaton et al., 1995) , this preparation was concentrated to a volume compatible with the method used (8-80 µg.ml -1 ).
-Amino acid analysis -Fifteen ml samples from supernatant A, previously filtered through Millipore membranes (0.22 µm), were centrifuged (14,000 x g, for 0.5 h) to detect amino acids (Astarita et al. 2003) by High-Performance Liquid Chromatography (HPLC).
Culture II preparation: another culture, called the culture II was prepared, in which E. coli cells were cultivated in a LGb medium to which disrupted B. derxii cells were added. A sonicated diazotroph suspension (8 ml) and 125 µl of a diluted E. coli suspension (about 4.10 7 CFU.ml -1 ) were added to 42 ml of an
LGb medium. The sonicated suspension was obtained as follows. A 504 h B. derxii culture was centrifuged at 12,100 x g for 30 min at 4°C. The cells were washed with sterile distilled water. The cells were re-suspended in LGb medium and sonicated in a Branson Sonifier 450, in an ice bath, for about 5 min. The confirmation of cell burst was done by obser-vation under an optical microscope. A volume of 8 ml of sonicated suspension was used to obtain a final protein concentration of 20 µg.ml -1 . Two controls were used : an E. coli culture in
LGb deprived of the sonicated diazotroph suspension and a LGb medium to which 20 µg.ml -1 of B. derxii disrupted cells protein was added. The culture II was incubated at 30°C in a rotary shaker (200 rpm). Periodically CFU numbers (Barbosa et al., 1995) were determined in both culture II and E. coli control culture. Super-natants obtained as described below were used to determine protein content by the method of Bradford (1976) .
Results and discussion
B. derxii population remained in a long stationary phase, until the end of the assay, as determined by CFU countings (Fig. 1 ) and confirmed by total direct countings (data not shown). Glucose was only partially consumed ( Fig. 1) and pH values remained stable (data not shown). The observations indicate respectively, that there was no limitation of carbon source and that the medium remained buffered during the course of the evaluation. Figure 1 shows that nitrogenase activity was maintained throughout the duration of the assay. There was continuous increase in activity and the increase extended into the stationary phase. The upkeep of nitrogenase activity into the stationary phase may be explained by the following. The idea that bacteria are capable of regu-lating their metabolic reactions to achieve maximum economy and efficiency, in order to obtain yield of cells proportional to the amount of ATP produced, is contradicted by the observation that "resting-cells suspensions" can utilize energy sources in the complete absence of growth (Russell and Cook, 1995) . Besides, although different genera may regulate their nitrogen fixation processes differently, there is general agreement around the idea that the synthesis of nitrogenase occurs when the enzyme is operating under limited amounts of ammonium and under O 2 starvation (Merrick and Edwards, 1995) . Under those conditions, nitrogen fixation may occur when a source of electrons, ATP and enzyme cofactors are available to nitrogenase. It is likely that the combination of the above elements allowed for maintenance of nitrogenase activity in the stationary growth phase of B. derxii. Fig. 1 shows that this bacterium, which has a mechanism to protect nitrogenase against O 2 inactivation (Barbosa et al., 1992) , had a sufficient source of energy (as glucose) available, and possessed a strategy to maintain intracellular ammonium at a low level. In nature, the genus Beijerinckia is often found adhered to the roots of exudateproducing plants (Ruschel and Britto, 1966) . The exudates may constitute an energy source for the microorganism which, in turn, might fix nitrogen and, in certain conditions, release nitrogenated substances into the environment. The released substances can stimulate plant growth and consequently enhance the production of plant metabolites and utilize them for their own growth (Gaudin et al., 1994) . Available information shows that the processes of N 2 fixation by symbionts and by free-living bacteria differ in the number of steps involved and in the specific genes and substances taking part in gene regulation mechanisms (Suganuma et al., 2003) . However, the upkeep of nitrogenase activity by both B. derxii in stationary phase, and by symbiont bacteroids (Rhizobium non-multiplying, differentiated cells) may represent a common link in the processes developed by those two types of bacteria.
The fact that nitrogenase remained active for a long period of time after multiplication ceased raises the issue of what happens to the product of N 2 fixation. Three hypotheses were tested : either the products were released into the medium or they remained outside the cell and became part of the mucus layer composition, or, still, they remained inside the cell as a component of new cellular structures, independent of the cell's vital structures.
The first hypotesis was tested by analysing the extracellular nitrogen concentrations, as ammonium levels (method of Chaney and Marbach, 1962) . The determinations were performed in supernatant A obtained free of the mucus layer. The inability of B. derxii to excrete ammonium (at least in concentrations above 0.5 µg.ml -1 ) confirmed that wild-type free-living N 2 -fixing bacteria normally do not excrete this substance, which is a nitrogenase inhibitor (Postgate, 1998) .
The concentration of extracellular nitrogen present in supernatant B (which included the mucus layer) increased six times for 72 h, and remained stable until the end of the assay (Fig. 2) . Given that supernatant B also contained the bacterial mucus layer, these results suggest that B. derxii might release combined nitrogen as a component of, or simply linked to, the extracellular mucus. It is unlikely that this nitrogen might have been inadvertently extracted from the cell wall since the mucus was separated from the cells by a gentle method involving simple centrifugation. Studies on the chemical composition of the extracellular polysaccharide of Beijerinckia indica (Lopez and Becking, 1968) and B. mobilis (Cooke and Percival, 1975) have not revealed the presence of nitrogen in its composition. Extracellular proteins were not detected.
B. derxii released the following amino acids to the culture medium: glutamic acid, threonine, alanine, valine, isoleucine and leucine (Table 1) . A fresh culture medium, completely deprived of amino acids, was used as control. The excretion of amino acids by diazotrophic bacteria has been reported by Pati et al. (1994) . The release of such compounds was considered to be an advantage to the nitrogenase activity, since it helps to keep intracellular nitrogen at a low level, which is necessary for the active N 2 fixation. In addition, the release of amino acids could mean a contribution to the environment, considering that they can be easily consumed by a number of different organisms.
Considering that in the natural environment bacteria seldom encounter conditions that permit continuous growth, these microorganisms can survive for extremely long periods in absence of nutrients. The efficiency in transforming nutrients into biomass indicates that bacterial populations are starved most of time (Kolter et al. 1993) . To secure viability for longer periods, bacteria develop survival mechanisms that may involve the accumulation of reserve materials. Storages of nitrogen, phosphate, carbon and energy, are examples of inclusions and granules that have been detected and studied in several bacteria (Perry, 1997) . The intracellular content in nitrogen and protein increase during the stationary phase (Fig. 2) suggest that the cells were probably building up a kind of nitrogenated reserve (third hypothesis). A limited coloured region, inside the cells, evidenced by optical microscopy, shows the positive Sakaguchi reaction (Fig. 3) . The presence of such reserves may be a consequence of the maintenance of nitrogenase activity during stationary phase. Simon (1973) employed this reaction to reveal arginine in purified cyanophicin granule polypeptide (CGP) from the cyanobacterium Anabaena cylindrica.
Since preliminary results suggest the presence of an intracellular nitrogenous reserve, the present work proposed a model to evaluate the possibility that a non-diazotrophic microorganism might utilize the component material of B. derxii's cellular nitrogen sources. This information was analysed using a culture II in which the available nitrogenated material for E. coli consisted of ruptured B. derxii cells. Although E. coli is an unlikely natural partner of B. derxii, it was chosen because it is a non-fastidious bacterium, able to grow in simple medium composed of glucose and mineral salts. Despite the fact that other nitrogenated compounds such as vitamins or cofactors from disrupted B. derxii could be used for E. coli growth, only proteins were followed because proteins appear in higher concentrations and are easier to be determined. The results showing the ability of E. coli to consume B. derxii proteins are reported in Figure 4 . E. coli presented a higher CFU number in a culture II than in a medium not supplemented with disrupted B. derxii cells. The material was partially consumed. The consumption coincided with a rise in the CFU number. After this increase, the population did not change in number and protein concentration was stable. The protein concentration of the control medium (not inoculated with E. coli) remained at around 20 µg.ml -1 during the 400 hours the assay lasted. The present results indicate that E. coli produced some enzymes, either sufficiently active, or at such concentrations, that the degradation of some proteins in the medium was possible.
Considering the intracellular presence of this nitrogenated material, including a possible protein reserve, the present study supports the hypothesis proposed by Yahalom et al. (1984) and by Christiansen-Weniger and Van Veen (1991) . Accordingly, free-living, diazotrophic microorganisms may contribute nitrogen to the environment, in the form of decomposed bacterial structures. The present study also shows that some N 2 -fixing cell proteins can be recycled by any organism that presents the specific enzymes.
The increase of both intra and extra-cellular organic nitrogen, amounting to about 66 µg.ml -1 after growing the bacteria for a period of 560 h (Fig. 2) , suggests an important ecological role for B. derxii. It is, certainly, a way for the environment to increase its supply of fixed nitrogen. At the same time, this ability gives B. derxii an advantage over other organisms.
